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(57) A time-of-flight (ToF) sensor includes a photo-
detector array and a processing circuit. The photodetec-
tor array includes a plurality of photodetectors wherein
each photodetector of the photodetector array includes
a silicon-based, light-sensitive diode. Each sili-
con-based, light-sensitive diode includes a photosensi-
tive layer comprising a plurality of quantum dot particles
sensitive to a near infrared (NIR) region of an electro-

TIME-OF-FLIGHT IMAGE SENSOR WITH QUANTUM DOT PHOTODETECTORS

magnetic spectrum, wherein the plurality of quantum dot
particles converts optical energy into electrical energy to
generate an electrical current in response to receiving
NIR light having a wavelength in the NIR region. The
processing circuit is configured to receive the electrical
current and calculate a time-of-flight of the received NIR
light based on the electrical current.
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Description
BACKGROUND

[0001] Image sensors contribute to many of today’s
consumer electronics. It is estimated that the majority of
the information that we produce now is video based. Im-
age sensors play a vital role in capturing this data. In-
creasingly there is ademand to capture three-dimension-
al (3D) data as well. Time-of-flight (TOF) sensors are
playing a major role in fulfilling this demand.

[0002] Nowadays, a majority of the consumer electron-
ics cameras are complementary metal-oxide-semicon-
ductor (CMOS) based and operate in the visible region.
Near Infrared (NIR) is a subset of the infrared band of
the electromagnetic spectrum, covering the wavelengths
ranging from about 0.8 to 2.5 microns (um), or
800-2500nm. This wavelength is just outside the range
of what humans can see and can sometimes offer better
details than what is achievable with visible light imaging.
The NIR region provides vital information in fields such
as low-light/night vision, surveillance, sorting or biomet-
rics, with content interpretation very similar to visible pho-
tography and imaging possible with no additional light
source. Portions of the NIR spectrum are able to pene-
trate haze, light fog, smoke and other atmospheric con-
ditions better than visible light. For long-distance imag-
ing, this often results in a sharper, less distorted image
with better contrast than what can be seen with visible
light.

[0003] Unfortunately, the sharply decreasing absorp-
tion of silicon around the wavelength of 900 nm (for stand-
ard photodiode thickness) prevents further extension of
usable quantum efficiency range. At the same time, ded-
icated infrared sensors are not yet easily accessible due
to their significantly higher cost versus image sensors
that are based on CMOS technology operating in the
visible range. In addition, adding the IlI-V materials in
silicon processing introduces the risk of contamination.
Thus, infrared sensors, such as InGaAs based detectors,
are not well suited for low cost, small form factor, and
low power applications. Currentinfrared sensors are also
bulky and require cooling, both of which are undesirable.
[0004] An alternate is to use Germanium, a group IV
material, the same as silicon, and thus minimizing the
risk of contamination. Ge/GeSi photodetectors offer
much better quantum efficiency in the 1.3-1.55 um. How-
ever, the small lattice mismatch between Si and Ge is
stilla manufacturing challenge in monolithic applications.
[0005] Accordingly, there is a need for a low cost, high
efficiency process for TOF sensors that operate in the
NIR spectrum. Additionally, there is a need for TOF sen-
sors that can allow dual wavelength operation for both
visible light (RGB) and NIR spectrums with high efficien-
cy. Therefore, an improved ToF image sensor having an
NIR detector may be desirable.
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SUMMARY

[0006] There may be a demand for providing an im-
proved system for a time-of-flight sensor.

[0007] Such demand may be satisfied by the subject
matter of any of the claims

[0008] One or more embodiments provide a time-of-
flight (ToF) sensor that includes a photodetector array
and a processing circuit. The photodetector array in-
cludes a plurality of photodetectors wherein each photo-
detector of the photodetector array includes a silicon-
based, light-sensitive diode. Each silicon-based, light-
sensitive diode includes a photosensitive layer compris-
ing a plurality of quantum dot particles sensitive to a near
infrared (NIR) region of an electromagnetic spectrum,
wherein the plurality of quantum dot particles converts
optical energy into electrical energy to generate an elec-
trical current in response to receiving NIR light having a
wavelength in the NIR region. The processing circuit is
configured to receive the electrical current and calculate
a time-of-flight of the received NIR light based on the
electrical current.

[0009] One or more embodiments further provide a
ToF sensor that includes a photodetector array and a
processing circuit. The photodetector array includes a
photodetector array comprising a plurality of photodetec-
tors wherein each photodetector of the photodetector ar-
ray includes a silicon-based, light-sensitive diode. Each
silicon-based, light-sensitive diode includes a photosen-
sitive layer comprising a plurality of quantum dot particles
sensitive to an infrared (IR) region of an electromagnetic
spectrum, wherein the plurality of quantum dot particles
converts optical energy into electrical energy to generate
an electrical current in response to receiving IR light hav-
ing a wavelength in the IR region. The processing circuit
is configured to receive the electrical current and calcu-
late a time-of-flight of the received IR light based on the
electrical current enabling a 3D map of the captured im-
age to be generated.

[0010] One or more embodiments further provide a
ToF sensor that includes a photodetector array and a
processing circuit. The photodetector array includes a
plurality of photodetectors wherein each photodetector
of the photodetector array includes a variable conduction
region comprising a plurality of quantum dot particles
sensitive to a near infrared (NIR) region of an electro-
magnetic spectrum, wherein the plurality of quantum dot
particles converts optical energy into electrical energy to
generate an electrical current in response to receiving
NIR light having a wavelength in the NIR region. The
processing circuit is configured to receive the electrical
current and calculate a time-of-flight of the received NIR
light based on the electrical current.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Embodiments are described herein making ref-
erence to the appended drawings.
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FIG. 1 is a schematic block diagram of a three-di-
mensional (3D) depth camera system according to
one or more embodiments;

FIGS. 2A and 2B illustrate different configurations of
ToF sensors according to one or more embodiments;

FIG. 3 shows photodetector layers of a photodetec-
tor of a photodetector array according to one or more
embodiments;

FIG. 4 shows an external quantum efficiency (EQE)
curve (left) for a PbS quantum dot and an absorption
peak dependency curve (right) that depends on the
size of a quantum dot; and

FIGS. 5A-5C show examples of different photosen-
sitive layer structures of photodetector of a photode-
tector array according to one or more embodiments.

DETAILED DESCRIPTION

[0012] In the following, details are set forth to provide
a more thorough explanation of the exemplary embodi-
ments. However, it will be apparent to those skilled in the
art that embodiments may be practiced without these
specific details. In other instances, well-known structures
and devices are shown in block diagram form or in a
schematic view rather than in detail in order to avoid ob-
scuring the embodiments. In addition, features of the dif-
ferent embodiments described hereinafter may be com-
bined with each other, unless specifically noted other-
wise.

[0013] Further, equivalent or like elements or elements
with equivalent or like functionality are denoted in the
following description with equivalent or like reference nu-
merals. As the same or functionally equivalent elements
are given the same reference numbers in the figures, a
repeated description for elements provided with the same
reference numbers may be omitted. Hence, descriptions
provided for elements having the same or like reference
numbers are mutually exchangeable.

[0014] In this regard, directional terminology, such as
"top", "bottom", "below", "above", "front", "behind",
"back", "leading", "trailing", etc., may be used with refer-
ence to the orientation of the figures being described.
Because parts of embodiments can be positioned in a
number of different orientations, the directional terminol-
ogy is used for purposes of illustration. It is to be under-
stood that other embodiments may be utilized and struc-
tural or logical changes may be made without departing
from the scope defined by the claims. The following de-
tailed description, therefore, is notto be taken in a limiting
sense. Directional terminology used in the claims may
aid in defining one element’s spatial or positional relation
to another element or feature, without being limited to a
specific orientation. For example, lateral, vertical, and
overlapping spatial or positional relationships may be de-
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scribed in reference to another element or feature, with-
out being limited to a specific orientation of the device as
a whole.

[0015] It will be understood that when an element is
referred to as being "connected" or "coupled” to another
element, it can be directly connected or coupled to the
other element or intervening elements may be present.
In contrast, when an element is referred to as being "di-
rectly connected" or "directly coupled" to another ele-
ment, there are no intervening elements present. Other
words used to describe the relationship between ele-
ments should be interpreted in a like fashion (e.g., "be-
tween" versus "directly between," "adjacent" versus "di-
rectly adjacent," etc.).

[0016] In embodiments described herein or shown in
the drawings, any direct electrical connection or coupling,
i.e., any connection or coupling without additional inter-
vening elements, may also be implemented by anindirect
connection or coupling, i.e., a connection or coupling with
one or more additional intervening elements, or vice ver-
sa, as long as the general purpose of the connection or
coupling, for example, to transmit a certain kind of signal
or to transmit a certain kind of information, is essentially
maintained. Features from different embodiments may
be combined to form further embodiments. For example,
variations or modifications described with respect to one
of the embodiments may also be applicable to other em-
bodiments unless noted to the contrary.

[0017] The terms "substantially" and "approximately"
may be used herein to account for small manufacturing
tolerances (e.g., within 5%) that are deemed acceptable
in the industry without departing from the aspects of the
embodiments described herein. For example, a resistor
with an approximate resistance value may practically
have a resistance within 5% of that approximate resist-
ance value.

[0018] Inthe presentdisclosure, expressionsincluding
ordinal numbers, such as "first", "second", and/or the like,
may modify various elements. However, such elements
are not limited by the above expressions. For example,
the above expressions do not limit the sequence and/or
importance of the elements. The above expressions are
used merely for the purpose of distinguishing an element
from the other elements. For example, a first box and a
second box indicate different boxes, although both are
boxes. For further example, a first element could be
termed a second element, and similarly, a second ele-
ment could also be termed a first element without depart-
ing from the scope of the present disclosure.

[0019] Embodiments relate to optical sensors and op-
tical sensor systems and to obtaining information about
optical sensors and optical sensor systems. A sensor
may refer to a component which converts a physical
quantity to be measured to an electric signal, for example
a current signal or a voltage signal. The physical quantity
may, for example, comprise electromagnetic radiation,
such as visible light, infrared (IR) radiation, near infrared
(NIR) radiation, or other type of illumination signal, a cur-
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rent, or a voltage, but is not limited thereto. For example,
an image sensor may be a silicon chip inside a camera
that converts photons of light coming from a lens into
voltages. The larger the active area of the sensor, the
more light that can be collected to create an image.
[0020] A sensor device as used herein may refer to a
device which comprises a sensor and further compo-
nents, for example biasing circuitry, an analog-to-digital
converter or a filter. A sensor device may be integrated
on a single chip, although in other embodiments a plu-
rality of chips or also components external to a chip may
be used for implementing a sensor device.

[0021] More specifically, the embodiments related to
a time-of-flight (ToF) sensor configured to determine a
depth (i.e., a distance) from a depth camera, or more
specifically from a photodetector array, to one or more
objects using a time-of-flight (ToF) principle. The ToF
sensor may be a three-dimensional (3D) image sensor.
In general, light (e.g., visible light, infrared light, and/or
near infrared (NIR) light) is transmitted from the ToF sen-
sor and is reflected back by the object. The reflected light
is received by a photodetector array, where, on a photo-
detector-by-photodetector basis, the reflected light is de-
modulated during an image acquisition to generate a
measurement signal. Each photodetector may be also
configured to perform multiple image acquisitions at dif-
ferent acquisition times, and thereby generate multiple
measurement signals therefrom. Each photodetector
may be alternatively referred to as a pixel and may be
made up one or more photodiodes, for example.

[0022] Indirect time-of-flight (ToF) three-dimensional
image (3DI) sensors are based on continuously modu-
lated light for scene illumination, and demodulation of the
received light on a photodetector level during integration
phases. In particular, continuous wave modulation uses
continuous light waves instead of short light pulses and
the modulation is done in terms of frequency of sinusoidal
waves. For continuous wave modulation, a detected
wave after reflection has a shifted phase, and the phase
shift is proportional to distance from reflecting object or
surface. Thus, the distance can be determined from the
measured phase shift. Depth information is obtained by
a calculation of pixel values from several image acquisi-
tions with pre-defined and constant phase steps between
light emission and pixel modulation. For example, four
depth images may be used with discrete (congruent)
phase differences of 0°/90°/180/270° to estimate the
depth value for each photodetector. This is in contrast to
pulsed modulation, in which a system measures distance
to a 3D object by measuring the absolute time a light
pulse takes to travel from a source into the 3D scene and
back, after reflection.

[0023] While specific embodiments may be described
in the context of continuous wave ToF systems (i.e., in-
direct ToF systems), the concepts described herein may
also be extended to direct ToF systems, such as Light
Detection and Ranging (LIDAR) systems. Some LIDAR
systems use pulsed modulation for measuring ToF and
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taking distance measurements. In this case, a light
source transmits light pulses into a field of view and the
light reflects from one or more objects by backscattering.
Thus, a direct ToF system in which the light pulses (e.g.,
light beams of visible light, infrared light and/or NIR light))
are emitted into the field of view, and a photodetector
array detects and measures the reflected beams. For
example, an array of photodetectors receives reflections
from objects illuminated by the light.

[0024] In direct ToF systems, differences in return
times for each light pulse across multiple photodetector
of the photodetector array can then be used to make
digital 3D representations of an environment or to gen-
erate other sensor data. For example, the light source
may emit a single light pulse, and a time-to-digital con-
verter (TDC) electrically coupled to the photodetector ar-
ray may count from the time the light pulse is emitted,
corresponding to a start signal, until a time the reflected
light pulse is received at the receiver (i.e., at the photo-
detector array), corresponding to a stop signal. The "time-
of-flight" of the light pulse is then translated into a dis-
tance. In another example, an analog-to-digital converter
(ADC) may be electrically coupled to the photodetector
array (e.g., indirectly coupled with intervening elements
in-between) for pulse detection and ToF measurement.
For example, an ADC may be used to estimate a time
interval between start/stop signals with an appropriate
algorithm.

[0025] A scan such as an oscillating horizontal scan
(e.g., from left to right and right to left of a field of view)
canilluminate ascene ina continuous scan fashion. Each
firing of the laser beam by the light sources can result in
a scan line in the "field of view." By emitting successive
light pulses in different scanning directions, an area re-
ferred to as the field of view can be scanned and objects
within the area can be detected and imaged.

[0026] In one example, for each distance sampling, a
microcontroller triggers a laser pulse from a light source
and also starts a timer in a Time-to-Digital Converter
(TDC) Integrated Circuit (IC). The laser pulse is propa-
gated through transmission optics, reflected by the target
field, and captured by one or more receiving photodiodes
of the photodetector array. Each receiving photodiode
uses a photoelectric effect to emit a short electrical pulse
in response to received light photons and the electrical
pulse is read out by an analog readout circuit. For exam-
ple, the electrical pulse may be an electrical current pro-
duced by the conversion of light photons into electrons.
Each signal that is read out of the analog readout circuit
may be amplified by an electrical signal amplifier.
[0027] A comparator IC recognizes the electrical pulse
and sends a digital signal to the TDC to stop the timer.
The TDC uses a clock frequency to calibrate each meas-
urement. The TDC sends the serial data of the differential
time between the start and stop digital signals to the mi-
crocontroller, which filters out any error reads, averages
multiple time measurements, and calculates the distance
to the target at that particular field position. By emitting
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successive light pulses in different directions established
by a scanning mirror, an area (i.e., a field of view) can
be scanned, a three-dimensional image can be generat-
ed, and objects within the area can be detected.

[0028] The signal processing chain of the receiver may
also include an ADC for each photodiode or for a group
of photodiodes. An ADC is configured to convert the an-
alog electrical signals from the photodiodes or group of
photodiodes into a digital signal that is used for further
data processing.

[0029] In addition, instead of using the TDC approach,
ADCs may be used for signal detection and ToF meas-
urement. For example, each ADC may be used to detect
an analog electrical signal from one or more photodiodes
to estimate a time interval between a start signal (i.e.,
corresponding to a timing of a transmitted light pulse)
and a stop signal (i.e., corresponding to a timing of re-
ceiving an analog electrical signal at an ADC) with an
appropriate algorithm.

[0030] FIG. 1is a schematic block diagram of a three-
dimensional (3D) depth camera system 100 according
to one or more embodiments. The 3D depth camera sys-
tem 100 includes a 3D depth camera 1 and an object 2.
The object 2 may be one or more objects that make up
a 3D scene for imaging. The 3D depth camera system
100 uses a ToF-based 3DI sensor concept, using indirect
depth measurement with continuously modulated illumi-
nation signals sourcing an illumination unit, and a mod-
ulated sensor core, where on a photodetector-basis re-
ceived light is demodulated by a pixel modulation signal.
In other words, light at each photodetector is demodulat-
ed by the pixel modulation signal.

[0031] The 3D depth camera 1 is animage sensor that
includes a ToF sensor 3 (e.g., a sensor chip) comprising
various components for performing depth measurement.
The 3D depth camera 1 also includes an illumination unit
4 and imaging optics 5 (e.g., alens). The illumination unit
4 may be an illumination source such as a such as a light
emitting diode (LED) or a vertical-cavity surface-emitting
laser (VCSEL) configured to emit a modulated light signal
(e.g., modulated visible light, IR light, and/or NIR light),
or any other suitable light source configured to emit a
modulated illumination signal (e.g., modulated light sig-
nal). The illumination unit 4 may be configured to emit
the modulated light towards object 2, and the imaging
optics 5 (e.g., a lens) may be configured to receive re-
flected modulated light that is reflected from the surface
of the object 2. In some instances, the illumination unit 4
may include multiple light sources that generate light at
two different wavelengths in different spectrums. For ex-
ample, the illumination unit 4 may include one or more
light sources that emit visible light and one or more light
sources that emit NIR light or IR light. A controller may
selectively activate different wavelength bands for emis-
sion by selectively activating respective light sources
such that they emit light according to the desired wave-
length band or bands. Different wavelength bands may
be emitted simultaneously or separately, at different
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times. It will be appreciated that the terms "light signal”
and "illumination signal" may be used interchangeably
herein.

[0032] Theillumination unit4 may be further configured
to emit the modulated light towards the object 2 using
illumination optics (e.g., a lens or a diffractive optical el-
ement (DOE)). Thus, using the illumination optics, the
illumination unit 4 may illuminate only a field of view
(FOV) of the image sensor 1.

[0033] Theimaging optics 5, which may be animaging
lens system or objective including one or more lenses or
DOEs, is configured to receive reflected light that is re-
flected from object 2 (i.e., objects of a 3D scene). The
reflected light is directed by the imaging optics 5 at a
photodetector array 6 of a sensor core 7.

[0034] The sensor chip 3 includes the sensor core 7,
which includes photodetector array 6, an illumination
driver 8, a modulation driver 9, and a control unit 10. The
control unit includes two phase lock loop (PLL) circuits
11 and 12, a sequence controller 13, and a processing
unit 14 configured to receive electrical signals generated
by the photodetector array 6 and calculate a time-of-flight
corresponding to each photodetector of the photodetec-
tor array 6 (e.g., corresponding to each electrical signal).
The processing unit 14 may then generate a 3D map of
the captured image using the calculated time-of-flight
from each photodetector. The processing unit 14 may be
a processor, a processing circuit that includes one or
more signal processing components (e.g., amplifier,
ADC, TDC, phase detector, etc.) and a processor, and/or
microcontroller with processing capabilities.

[0035] For example, a plurality of N readout channels
16 may be used to couple the processing unit 14 to the
photodetector array 6 in order to read out electrical sig-
nals generated by the photodetectors. The sensor core
7 includes a multiplexer 15 that couples a photodetector
or a group of photodetectors of the photodetector array
to a corresponding readout channel that is assigned
thereto. The sequence controller 13 is configured to
change the photodetector assignments to the readout
channels 16 so that different photodetectors can be read
out at different times by different readout channels 16.
This helps to reduce the complexity of the readout circuit
needed to readout the full photodetector array. Each re-
adout channel is coupled to a corresponding ADC at the
processing unit 14, where each ADC is configured to re-
ceive electrical signals from the photodetector or group
of photodetectors that is coupled to the assigned readout
channel. The sequence controller 13 may also choose
which light sources are activated at the illumination unit
4 and, by doing so, may control which wavelength bands
are emitted into the field of view (e.g., visible light, IR
light, and/or NIR light).

[0036] The PLL circuits 11 and 12, together, may form
a modulator to modulate one or more driver signals. A
first PLL 11 may be configured to control a modulation
signal fy, via the illumination driver 8 and a second PLL
12 may be configured control a modulation signal f;,q
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via the modulation driver 9. Thus, under control of the
first PLL 11, the illumination driver 8 is configured to gen-
erate the illumination modulation signal f},, having a first
modulation frequency. Similarly, under control of the sec-
ond PLL 12, the modulation driver 9 is configured to gen-
erate the sensor core (photodetector) modulation signal
fmog having a second modulation frequency. The PLLs
11 and 12 are configured such that the first and the sec-
ond modulation frequencies may have a predetermined
frequency difference greater than zero for at least a por-
tion of the image acquisition time for each of the image
acquisitions.

[0037] Thus, the 3D depth camera 1 is configured to
emit modulated IR light and measure the time the IR sig-
nal takes to travel from the depth camera 1 to the 3D
scene 2 and back again. The elapsed time, referred to
as a "time-of-flight," enables the 3D depth camera 1 to
generate raw image data on a photodetector-by-photo-
detector basis and output the raw image data to the
processing unit 14. In particular, the 3D depth camera 1
may be a continuous modulation ToF camera that meas-
ures the time-of-flight by using or determining a phase
difference between the reflected modulated light and the
modulation signal f,,,4. For example, a phase difference
can be translated to a distance based on the known fre-
quency difference and an image acquisition time. Thus,
a depth (distance) to the object can be determined from
the phase difference information determined upon re-
ceipt of the reflected modulated light.

[0038] As will be described in more detail below, the
predetermined frequency difference may be set to be
greater than zero for all or part of an integration time, all
or part of a waiting time, or for all or part of an image
acquisition time for each of a multiple image acquisitions
taken at differentimage acquisition times. At other times,
the frequencies of the modulation signals f,,,q and f,
may be equal such that there is no frequency difference
therebetween.

[0039] During depth measurement, the illumination
driver 8 may be configured to receive a control signal
from the first PLL 11, and output the modulation signal
fiu to the illumination unit 4 according to the control sig-
nal. The illumination unit 4 then generates a modulated
light signal based on the illumination modulation signal
fi-

[0040] During depth measurement, the modulation
driver 9 may be configured to receive a control signal
from the second PLL 12, and output the sensor core mod-
ulation signal f,,,,q to a photodetector array 6 of a sensor
core 7 according to the control signal. While not shown,
the modulation driver 9 may generate a plurality of mod-
ulation signals f,,,4 that are received by the sensor core
7, each with a same modulation frequency and phase,
to control the modulation frequency of the ToF photode-
tectors of the photodetector array 6. Thus, when modu-
lation signal f,,4 is referenced herein, it will be under-
stood that this may include one or more signals with the
same modulation frequency and phase for modulating
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the photodetectors of the photodetector array 6.

[0041] The photodetector array 6 may be a 224x172
photodetector matrix, but is not limited thereto. The pho-
todetector array 6 may be configured to receive the re-
flected IR signal from the imaging optics 5 and demod-
ulate the reflected IR signal using the modulation signal
fod SuUch that a phase difference (i.e., phase shift) be-
tween the modulated (reflected) illumination signal and
the modulated photodetector array 6 (e.g., signal f,o4)
may be detected and measured. In particular, the pho-
todetector array 6 may be configured to directly demod-
ulate the reflected light.

[0042] Said differently, the sensor core 7 includes the
photodetector array 6 modulated by the photodetector
modulation signal f;,,4, and a photodetector of the pho-
todetector array 6 is configured to receive the modulated
light signal reflected from object 2 as a reflected modu-
lated light signal. The photodetector of the photodetector
array 6 is further configured to demodulate the reflected
modulated light signal using the photodetector modula-
tion signal f,,,,4 during an image acquisition to generate
a measurement signal. The photodetector is configured
to generate a plurality of measurement signals based on
a plurality of image acquisitions taken at different image
acquisition times. Each photodetector or a subset of pho-
todetectors of the photodetector array 6 may perform a
similar process.

[0043] The processing unit 14 may be configured to
receive the plurality of measurement signals from each
photodetector (e.g., a plurality of measurement signals
from each photodetector) and calculate the depth of the
object 2 on a photodetector-by-photodetector basis
based on the plurality of measurement signals using
phase difference information embedded in each meas-
urement signal. In particular, the processing unit 14 may
calculate an absolute phase difference based on the
phase difference values associated with the measure-
ment signals for each photodetector, and translate the
absolute phase difference into depth (distance) informa-
tion. Thus, a 3D image of the object 2 can be generated,
output, and/or displayed.

[0044] The sequence controller 13 may include one or
more processors and a clock source, and may be con-
figured to control each of the PLLs 11 and 12. That is,
the sequence controller 13 may be configured to control
the modulation frequencies implemented by the PLLs 11
and 12 for controlling the two modulation signals f,, .y and
f i, @nd the frequency difference therebetween. The se-
quence controller 13 may be an internal controller logic
with which the processing unit 14 can communicate with
or through which the processing unit 14 may parametrize
the depth camera 1 in order to control one or more of the
photodetector modulation and illumination modulation
frequencies of f.,,4 and fy,,, respectively, the duration
and timing of introducing the frequency difference during
each image acquisition provided by the PLLs 11 and 12,
or the definition of an image sequence having defined
frame rate.



11 EP 4 290 591 A1 12

[0045] The first PLL circuit 11 and the second PLL cir-
cuit 12 may be coupled to each other such that they share
a common clock source (e.g., provided by the sequence
controller 13). Thus, the two frequencies of the illumina-
tion modulation signal f},, and the photodetector modu-
lation signal f,,,4 are coupled to each other and can be
derived from the same clock frequency. This allows for
the frequency difference between the two frequencies to
be constant and precise based on a desired frequency
difference. In the event the frequency difference is great-
er than zero, it can be ensured that the phase difference
between the modulation signals f,,4 and f};,, grows con-
tinuously and linearly over time in a consistent and ex-
pected manner. In the event that there is no frequency
difference, it can be ensured that the phase difference
between the modulation signals f,,,q and f,, does not
change over time and remains constant.

[0046] Thus, these two PLLs 11 and 12 may be pro-
grammed by the sequence controller 13 such that they
differ slightly in frequency (e.g., a frequency difference
1Hz or 0.1 Hz for modulation frequency of 80MHz for
example). A synchronous start of the two PLLs 11 and
12 for sensor photodetector modulation and illumination
signal modulation can be achieved to start at phase dif-
ference of 0°, with a constant and continuously growing
phase difference between the two modulation signals f};,
and f,,,q for at least part of an image acquisition time.
That is, the frequency difference between the two mod-
ulation signals f};, and f,,, 4 introduces a linear phase shift
growing linearly with time.

[0047] In principal, also a phase differences of greater
than 360° can be used (phase ambiguity). By program-
ming a certain frame rate, integration time, and waiting
time, for example, by the processing unit 14, arbitrary but
very precise and easily calculated phase differences can
be chosen or determined for depth measurement.
[0048] The phase difference may also set by the se-
quence controller 13 to be constant for at least part of an
image acquisition by setting the frequency of the illumi-
nation modulation signal fy;, to be the same as the fre-
quency of the photodetector modulation signal f,,,4. In
this case, the frequency difference is equal to zero (i.e.,
there is no frequency difference) and the phase differ-
ence between the modulation signals f,,q and f};, does
not change over time.

[0049] This programing of the set frequency difference
allows a precisely controllable and, if wanted, continu-
ously changeable phase difference between photodetec-
tor modulation signal f,,,q @and the illumination modulation
signal f),, for the 3Dl sensor. At other times, there may
be no frequency difference, which provides a constant,
unchanging phase difference for a certain period of time
during an image acquisition time.

[0050] It will be appreciated that, while the use of two
PLLs are described, other equivalent structures are also
possible. For example, structures with a combined PLL
or modulator structure may be implemented where the
two different frequencies can be obtained. For example,
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a combined PLL structure may be implemented where
the two different frequencies of the modulation signals
fmoq @nd fy,, are obtained. For example, the combined
PLL structure may be a dedicated PLL circuit enabling
output of two stable signals with coupled frequencies.
[0051] FIGS. 2A and 2B illustrate different configura-
tions of ToF sensors according to one or more embodi-
ments. In particular, FIG. 2A shows a front-illuminated
configuration 200A of a ToF sensor and FIG. 2B shows
a back-illuminated configuration 200B of a ToF sensor.
In the front-illuminated configuration 200A, incident light
(e.g., reflected light) is received at the frontside of the
ToF sensor. Conversely, in the back-illuminated config-
uration 200A, incident light (e.g., reflected light) is re-
ceived at the backside of the ToF sensor. Both the front-
illuminated configuration 200A and the back-illuminated
configuration 200B include similar elements.

[0052] The front-illuminated configuration 200A in-
cludes imaging optics 5 (e.g., a lens) and an optical filter
coating 21 arranged at the frontside of the ToF sensor.
The optical filter can have multiple coatings combined to
provide multiple functions. In one embodiment, the opti-
cal filter could be an antireflective coating for the illumi-
nation wavelength. In another embodiment, the optical
filter could be a narrow bandpass filter that allows trans-
mission of a particular wavelength, e.g., the illuminated
wavelength, and suppresses ambient light. In another
embodiment, both functions can be combined as one op-
tical filter.

[0053] Incident light passes through these elements
towards the photodetector array 6. The front-illuminated
configuration 200A further includes a metal interconnect
layer 22 arranged between the antireflective coating 21
and a semiconductor substrate 23. The metal intercon-
nect layer 22 includes a plurality of metal lines or con-
ductive interconnects that serve as analog readout chan-
nels 16. The metal lines or the metal interconnect layer
22 are each connected to a photodetector (e.g., a pho-
todiode) of the photodetector array 6 for reading out elec-
trical signals that are produced via the photoelectric ef-
fect.

[0054] The front-illuminated configuration 200A further
includes a semiconductor substrate 23 in which the pho-
todetectors of the photodetector array 6 are formed. The
semiconductor substrate 23 may be a p-doped silicon
substrate or may be made of another type of suitably
doped semiconductor material. The photodetectors of
the photodetector array 6 may be PIN diodes that are
comprised of PIN diode layers, including n-type semicon-
ductor regions, p-type semiconductor regions, and intrin-
sic regions interposed between the n-type semiconduc-
tor regions and the p-type semiconductor regions. The
n-type semiconductor regions, p-type semiconductor re-
gions, and intrinsic regions are formed from the semicon-
ductor substrate 23 according to known semiconductor
processes. As a result, each PIN diode includes an n-
type semiconductor region configured as a first ohmic
contact, a p-type semiconductor region configured as a
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second ohmic contact, and an intrinsic region interposed
between the n-type semiconductor region and the p-type
semiconductor region.

[0055] Similarly, the back-illuminated configuration
200B includes imaging optics 5 (e.g., a lens) and an
antireflective coating 21, but arranged at the backside of
the ToF sensor. Incident light passes through these ele-
ments towards the photodetector array 6. The back-illu-
minated configuration 200B further includes the semi-
conductor substrate 23 in which the photodetectors of
the photodetector array 6 are formed. Again, the photo-
detectors may be PIN diodes comprised of PIN diode
layers. The back-illuminated configuration 200B further
includes a metal interconnect layer 22 on the semicon-
ductor substrate 23. The metal interconnect layer 22 in-
cludes a plurality of metal lines or conductive intercon-
nects that serve as analog readout channels 16 that are
electrically coupled to respective photodetectors for
reading out electrical signals that are produced via the
photoelectric effect. The back-illuminated configuration
200B may further include a carrier substrate 24 arranged
on top of the metal interconnect layer 22 for providing
structural support at the frontside of the ToF sensor.
[0056] FIG. 3 shows photodetector layers of a single
photodetector 30 of a photodetector array according to
one or more embodiments. As noted above, a photode-
tector may be a PIN diode that includes an n-type sem-
iconductor region 31 configured as a first ohmic contact,
a p-type semiconductor region 32 configured as a second
ohmic contact, and an photosensitive layer 33 interposed
between the n-type semiconductor region 31 and the p-
type semiconductor region 32. In this example, the pho-
tosensitive layer 33 makes up the intrinsic region of the
photodetector 30, thereby making the intrinsic region a
light sensitive region. The photosensitive layer 33 may
alternatively be referred to as a variable conduction re-
gion, a junction region, or a depletion region.

[0057] As a photodetector, the PIN diode is reverse-
biased such that the cathode is driven positive with re-
spect to the anode. Under reverse bias, the PIN diode
ordinarily does not conduct, with the exception of some
small dark current or leakage current.

[0058] The photosensitive layer 33 is injected with, and
thus at least partially filled with, quantum dot (QD) parti-
cles that convert optical energy into electrical energy via
the photoelectric effect to generate electrical current in
response to receiving light having a wavelength in a
wavelength band to which the QD particles are sensitive.
In other words, the QD particles are sensitive to a par-
ticular wavelength or wavelength region of the electro-
magnetic spectrum.

[0059] When a photon of appropriate energy (i.e., the
light has a wavelength within the sensitive region of the
QD particles) enters the depletion region of the PIN diode
and strikes a QD particle, the QD particle creates an elec-
tron-hole pair. This mechanism is also known as the inner
photoelectric effect. The reverse-bias field sweeps the
carriers out of the depletion region, creating current. The
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depletion region of a PIN structure extends across the
photosensitive layer 33, deep into the device. This wider
depletion width enables electron-hole pair generation
deep within the device, which increases the quantum ef-
ficiency of the diode cell. Thus, holes move toward the
anode and electrons toward the cathode, thereby pro-
ducing a photocurrent that is read out by a readout chan-
nel of the metal interconnect layer 22. It is noted that PIN
type diodes are more complex than other photodiodes,
e.g., PN type photodiodes, heterojunction type photode-
tectors, or Schottky type diodes. The concepts proposed
herein can be extended to these other diode types.
[0060] If multiple QD particles are struck by light pho-
tons with appropriate energy, each QD particle generates
a corresponding electron-hole pair that contributes to the
photocurrent that is produced by the PIN diode. In other
words, the electrical current that is produced by the PIN
diode is a sum of the photocurrents generated by the QD
particles that are struck with light having a wavelength
to which they are sensitive.

[0061] The photosensitive layer 33 may be referred to
as a variable conduction region because the conduction
in this region varies based on the properties of the QD
particles and the light received. For example, some QD
particles conduct or generate electrons depending on
whether or not light to which they are sensitive is received
thereby. Depending on the number of particles that are
conducting, the magnitude of the electrical current pro-
duced by the variable conduction region of a photode-
tector varies. The number or particles that conduct or do
not conduct in the variable conduction region of a pho-
todetector varies over time according to the time-of-flight
principle based on received light, the wavelength of the
received light, and the timing of the received light.
[0062] Quantum dots (QDs) are semiconductor nano-
particles which exhibit composition and/or size-depend-
ent optical and electronic (optoelectronic) properties.
QDs are ultrasmall, typically falling in the size range be-
tween 1 and 14 nm, but are not limited thereto. One ex-
ample material used for quantum dots is lead sulfide
(PbS). QDs is an example of a light absorbing particle.
QDs can be configured to have a particular peak wave-
length sensitivity (i.e., absorption peak) by varying their
size and composition. Accordingly, light having a wave-
length at which a QD is sensitive triggers the QD’s opto-
electrical effect. A QD may be sensitive to narrow band
of wavelengths with the peak wavelength sensitivity at
the center of the narrow band. This band may be referred
to as a narrow sensitivity band. A QD is most efficient at
its optoelectrical effect when it receives light at its peak
wavelength sensitivity. In contrast, light having a wave-
length outside of a QD’s narrow band will not cause the
QD to produce any substantial current. To furtherinsulate
the photodetector from unwanted current generation
from ambient light, the optical filter 5in FIG. 2A and FIG.
2B provides additional suppression by blocking unwant-
ed light to reach the light sensitive layer of the photode-
tector.
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[0063] Inthe embodiments disclosed herein, the opto-
electrical effect is a photo-electric effect. When a QD re-
ceives light having a wavelength at its peak wavelength
sensitivity or within its narrow sensitivity band, the QD
converts the photons of the light into electrons. In the
embodiments disclose herein, the electrons produce an
electrical current. In other words, a QD converts optical
energy into electrical energy to generate an electrical cur-
rent in response to receiving light having a wavelength
atits peak wavelength sensitivity or within its narrow sen-
sitivity band.

[0064] FIG. 4 shows an external quantum efficiency
(EQE) curve (left) for a PbS quantum dot and an absorp-
tion peak dependency curve (right) that depends on the
size of a quantum dot. On the left, eight different narrow
sensitivity bands are shown, each with a corresponding
peak wavelength sensitivity. Each peak wavelength sen-
sitivity in the EQE curve depends on the size of the QD
particle in accordance with the absorption peak depend-
ency curve. Thus, the eight peak wavelength sensitivities
are separate and distinct from each other (i.e., they are
mutually exclusive from each other). Likewise, the wave-
length range of each narrow sensitivity band depends on
the size of the QD particle. Here, neighboring or adjacent
sensitivity bands may partially overlap while non-adja-
cent sensitivity bands may be mutually exclusive from
each other. In this way, the size of an QD particle may
be used to tune the wavelength sensitivity of the QD par-
ticle. Thus, it can be said that a QD particle is resonant
to a predetermined wavelength region. It is also noted
that different materials can also be selected to provide
sensitivity to a particular wavelength region. Hence a
combination of QD composition and size can be used to
make the photodetector sensitive to a particular wave-
length region.

[0065] For example, the photosensitive layer 33 of a
PIN diode may include a first plurality of quantum dot
particles that are sensitive to a near infrared (NIR) region
of an electromagnetic spectrum, wherein the first plurality
of quantum dot particles of the PIN diode converts optical
energy into electrical energy to generate a first electrical
currentin response to receiving NIR light having a wave-
length in the NIR region. The processing unit 14 is con-
figured to receive the first electrical current via the metal
interconnect layer 22 and calculate a time-of-flight of the
received NIR light having the wavelength in the first NIR
region based on the first electrical current.

[0066] Additionally, the photosensitive layer 33 of the
PIN diode may include a second plurality of quantum dot
particles that are sensitive to a second NIR region of the
electromagnetic spectrum, wherein the second NIR re-
gion is different from the first NIR region. As a result, the
second plurality of quantum dot particles of the PIN diode
converts optical energy into electrical energy to generate
a second electrical current in response to receiving NIR
light having a wavelength in the second NIR region. The
processing unit 14 is configured to receive the second
electrical current via the metal interconnect layer 22 and
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calculate a time-of-flight of the received NIR light having
the wavelength in the second NIR region based on the
second electrical current.

[0067] Providing quantum dot particles with sensitivi-
ties in two different NIR regions in the same PIN diode
provides the PIN diode with a diverse sensitivity to dif-
ferent regions in the electromagnetic spectrum. The first
NIR region and the second NIR region may be mutually
exclusive NIR regions of the electromagnetic spectrum.
For example, the first NIR region and the second NIR
region may be respective narrow sensitivity bands that
have no overlap. Alternatively, the first NIR region and
the second NIR region may partially overlap. For exam-
ple, the first NIR region and the second NIR region may
be respective narrow sensitivity bands that partially over-
lap. In each case, the first plurality of quantum dot parti-
cles have a first wavelength peak sensitivity and the sec-
ond plurality of quantum dot particles have a second
wavelength peak sensitivity, wherein the first peak sen-
sitivity and the second peak sensitivity occur at different
wavelengths.

[0068] The illumination unit4 may include diverse light
sources that are configured to emit light in the two differ-
ent NIR regions. For example, the illumination unit 4 may
include at least one first light source configured to emit
the NIR light having a wavelength in the first NIR region
and at least one second light source configured to emit
the NIR light having a wavelength in the second NIR re-
gion. The received NIR light having the wavelength in
the first NIR region originates from the at least one first
light source and is reflected back from one or more ob-
jects and the received NIR light having the wavelength
in the second NIR region originates from the at least one
second light source and is reflected back from one or
more objects. It is also noted that the optical filter 5 can
be configured as a dual or multiple wavelength range
optical filter corresponding to the wavelengths of the two
(or more) illumination sources (i.e., two or more wave-
length regions).

[0069] This diversity in light sources and QD particles
enables the depth camera 1 to enter into different modes
with one mode for emitting the NIR light having a wave-
length in the first NIR region, another mode for emitting
the NIR light having a wavelength in the second NIR re-
gion, and a further mode for emitting the NIR light having
wavelengths in both the first and the second NIR regions.
The modes may be selected by the sequence controller
13 based on, for example, a desired detection range or
existing environmental conditions (e.g., weather condi-
tions, time of day, etc.).

[0070] Alternatively, or additionally, the photosensitive
layer 33 of the PIN diode may include a plurality of visible
light particles sensitive to a visible light region of the elec-
tromagnetic spectrum. These visible light particles may
be larger in size than the QD particles that are sensitive
to NIR light and/or may be made of a different material
such that they are sensitive to visible light. However, the
visible light particles themselves may be another set of



17 EP 4 290 591 A1 18

QD particles that have a sensitivity that is diverse from
the NIR-sensitive QD particles. Accordingly, the plurality
of visible light particles converts optical energy into elec-
trical energy to generate an electrical current in response
to receiving visible light having a wavelength in the visible
light region. The processing unit 14 is configured to re-
ceive this electrical current via the metal interconnect lay-
er 22 and calculate a time-of-flight of the received visible
light having the wavelength in the visible light region
based on this electrical current.

[0071] The plurality of visible light particles may be in-
termixed in the photosensitive layer with a plurality of
quantum dot particles that are sensitive to an NIR region.
The illumination unit 4 may include diverse light sources
that are configured to emit light in an NIR region and a
visible light region. For example, the illumination unit 4
may include at least one first light source configured to
emit NIR light having a wavelength in the first NIR region
and at least one second light source configured to emit
visible light having a wavelength in the visible light region.
The received NIR light having the wavelength in the first
NIR region originates from the at least one first light
source and is reflected back from one or more objects
and the received visible light having a wavelength in the
visible lightregion originates from the at least one second
light source and is reflected back from one or more ob-
jects.

[0072] This diversity in light sources and light absorb-
ing particles enables the depth camera 1 to enter into
different modes with one mode for emitting the NIR light
having a wavelengthin the first NIR region, another mode
for emitting the visible light having a wavelength in the
visible light region, and a further mode for emitting both
the NIR light and the visible light. The modes may be
selected by the sequence controller 13 based on, for ex-
ample, a desired detection range or existing environmen-
tal conditions (e.g., weather conditions, time of day, etc.).
It will also be appreciated that QD particles sensitive to
the second NIR region may also be added to further di-
versity the sensitivity of the PIN diode and add additional
modes of operation. Likewise, additional types of light
sources and/or optical filters to accommodate these dif-
ferent wavelengths may be added for performing ToF
measurements.

[0073] Alternatively, or additionally, the photosensitive
layer 33 of the PIN diode may include a plurality of quan-
tum dot particles sensitive to an IR region of the electro-
magnetic spectrum. The IR region may be a narrow sen-
sitivity band located within a wavelength range of
2500nm to 10,000 nm. These quantum dot particles are
configured by size and/or material to convert optical en-
ergy into electrical energy to generate an electrical cur-
rentin response to receiving IR light having a wavelength
in the IR region. The processing unit 14 is configured to
receive this electrical current via the metal interconnect
layer 22 and calculate a time-of-flight of the received IR
light having the wavelength in the IR region based on this
electrical current.
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[0074] The plurality of quantum dot particles sensitive
to the IR region may be the only light absorbing particles
deposited in the photosensitive layer. In this case, the
illumination unit 14 includes at least one light source con-
figured to emit the IR light having a wavelength in the IR
region.

[0075] Alternatively, the plurality of quantum dot parti-
cles sensitive to the IR region may be intermixed with
other light absorbing particles in the photosensitive layer,
which may include a plurality of quantum dot particles
that are sensitive to an NIR region and/or a plurality of
visible light particles sensitive to a visible light region.
The illumination unit 4 may include diverse light sources
that are configured to emit light in an NIR region, an IR
region, and/or a visible light region depending on the
types of light absorbing particles provided in the photo-
sensitive layer. For example, the illumination unit 4 may
include at least one first light source configured to emit
NIR light having a wavelength in the first NIR region and
at least one second light source configured to emit IR
light having a wavelength in the IR region. The received
NIR light having the wavelength in the first NIR region
originates from the at least one first light source and is
reflected back from one or more objects and the received
IR light having a wavelength in the IR region originates
from the at least one second light source and is reflected
back from one or more objects. The illumination unit 4
may further include at least one third light source config-
ured to emitvisible light having a wavelength in the visible
light region.

[0076] This diversity in light sources and light absorb-
ing particles enables the depth camera 1 to enter into
different modes with one mode for emitting the NIR light
having a wavelength in the first NIR region, another mode
for emitting the IR having a wavelength in the IR region,
and a further mode for emitting both the NIR light and
the IR light.

[0077] The modes may be selected by the sequence
controller 13 based on, for example, a desired detection
range or existing environmental conditions (e.g., weather
conditions, time of day, etc.). It will also be appreciated
that QD particles sensitive to the second NIR region or
the visible light region may also be added to further di-
versity the sensitivity of the PIN diode and add additional
modes of operation. Likewise, additional types of light
sources to accommodate these different wavelengths
may be added for performing ToF measurements. Thus,
sequence controller 13 may be configured with additional
modes, such as a further mode for emitting the visible
light having a wavelength in the visible light region, and
a further mode for emitting both the IR light and the visible
light simultaneously, a further mode for emitting both the
NIR light and the visible light simultaneously, and a fur-
ther mode for emitting NIR light, IR light, and the visible
light simultaneously. The photocurrents produced from
different sets of QDs of different sensitivities in a same
ToF frame can be combined (e.g., summed or averaged)
in order to generate a 3D map of the captured image.
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[0078] FIGS. 5A-5C show examples of different pho-
tosensitive layer structures of photodetector 30 of a pho-
todetector array according to one or more embodiments.
[0079] In FIG. 5A, the photosensitive layer 33 is com-
posed of a porous layer or substrate that comprises na-
nopores. For example, the photosensitive layer 33 may
be composed of porous silicon comprising nanopores
formed in the semiconductor substrate 23. Porous silicon
is a form of silicon that has nanopores introduced in its
microstructure, rendering a large surface to volume ratio
in the order of 500 m2/cm3. Porous silicon has photolu-
minescence properties along with several other unique
features, including a large surface area within a small
volume, controllable pore sizes, convenient surface
chemistry, and compatibility with conventional silicon mi-
crofabrication technologies. In addition, the quantum
dots or other light absorbing particles are injected or oth-
erwise disposed in the nanopores of the porous material.
The light absorbing particles are small enough to reside
in the nanopores of the porous material of the photosen-
sitive layer 33. Thus, the porous material serves as a
host layer for the light absorbing particles.

[0080] In case of using porous silicon, the active sem-
iconductor substrate 23 can be wet etched by using an
acid, e.g., HF acid, and applying selected voltages to
etch away portions of the semiconductor substrate 23
and convert this to a porous silicon layer. Once that is
achieved, one can using inkjet printing, spin coating, or
stamping techniques to deposit quantum dots or other
light absorbing particles into the nanopores of the porous
silicon. An optional passivation layer 34 can be applied
to seal the quantum dots or other light absorbing particles
into the photosensitive layer 33 and prevent degradation.
The passivation layer 34 may have an angstrom level
thickness of SiO2 which is usually transparent at that
thickness so as to not reduce the sensitivity of the pho-
tosensitive layer 33.

[0081] In FIG. 5B, the photosensitive layer 33 is com-
posed of a stand alone layer of QD particles. That is the
photosensitive layer comprises a quantum dot layer
formed exclusively of quantum dot particles 35. The
quantum dot particles 35 may be sensitive to an NIR re-
gion or an IR region as described above. Thus, these
quantum dot particles 35 can be used as a sandwiched
layer between the N region 31 and the P region 32.
[0082] During manufacturing, a pocket, a cavity, a well,
oratrench can be created inthe semiconductor substrate
23, in this case above the P region 32, using photolitho-
graphic techniques and then subsequently be filled with
quantum dot material using inkjet printing, spin coating,
or stamping techniques to deposit quantum dot particles
35 into the photosensitive layer 33 (i.e., into the pocket,
cavity, well, or trench). The pocket, cavity, well, or trench
is defined by interior sidewalls 36 of the semiconductor
substrate 23, which are used to hold the quantum dot
particles 35 within the photosensitive layer 33. An option-
al passivation layer 34 can be applied on top of the quan-
tum dot layer to seal the quantum dot particles 35 or other
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light absorbing particles into the photosensitive layer 33
and prevent degradation.

[0083] InFIG. 5C, the photosensitive layer 33 is com-
posed of an intermixed layer of light absorbing particles
thatinclude quantum dot particles 35 and light absorbing
particles 37. The quantum dot particles 35 may be sen-
sitive to a first NIR region as described above, whereas
the light absorbing particles 37 may be sensitive to a
second NIR region, a visible light region, or an IR region
as described above. In this way, a diverse sensitivity to
different wavelength ranges or bands can be achieved
within the photosensitive layer 33. As note above, three
or more pluralities of quantum dot particles, each with
different sensitivity wavelength bands, may be inter-
mixed in the photosensitive layer 33 to provide diverse
sensitivity to different spectra of light.

[0084] During manufacturing, a pocket, a cavity, awell,
or atrench can be created in the semiconductor substrate
23, in this case above the P region 32, using photolitho-
graphic techniques and then subsequently be filled with
an intermixed layer of light absorbing particles using
inkjet printing, spin coating, or stamping techniques to
deposit quantum dot particles 35 and light absorbing par-
ticles 36 into the photosensitive layer 33 (i.e., into the
pocket, cavity, well, or trench). The pocket, cavity, well,
or trench is defined by interior sidewalls 36 of the semi-
conductor substrate 23, which are used to hold the quan-
tum dot particles 35 within the photosensitive layer 33.
An optional passivation layer 34 can be applied on top
of the quantum dot layer to seal the quantum dot particles
35 or other light absorbing particles into the photosensi-
tive layer 33 and prevent degradation. It will be appreci-
ated that a similar intermixing of light absorbing particles
can also be applied to the nanopores of the porous ma-
terial described in reference to FIG. 5A.

[0085] Although some aspects of this disclosure are
described in the context of a PIN diode, as it is one of
the most complex photodiode structures, the described
principle can be applied to other types of diodes or pho-
todetectors as well. It is noted that in different configura-
tions, the quantum dot particles can be injected into an
intrinsic layer, or a p-type layer, or even be used as a
separate layer sandwiched between two ohmic contacts.
[0086] More specifically, in a PN type photodiode,
there is no need of an intrinsic layer but rather the diode
can be made to work by injecting quantum dot particles
in a doped semiconductor layer, e.g., P type layer, that
is in contact with an oppositely doped layer, e.g., N type
layer. This PN photodiode can be sandwiched between
ohmic contacts. Yetin another embodiment, the quantum
dot layer can be combined with a hole transparent layer
to form a heterojunction photodiode. Yet in another em-
bodiment, the quantum dot layer could be sandwiched
directly between two ohmic contact layers thus forming
a Schottky photodiode.

[0087] In view of the above, NIR or IR quantum dots
inside the photodetector enable silicon to act as an NIR
or IR detector. These NIR or IR quantum dots can be
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intermixed with each other and/or with visible light quan-
tum dots to enable diverse sensitivity. This technology
provides a low-cost path to enable dual wavelength op-
eration as this does not require a resin-UV cure solution.
Additionally, the NIR or IR quantum dots enable uncooled
detection in that the ToF sensor 3 does not need to be
cooled during operation.

[0088] Although some aspects have been described
in the context of an apparatus, it is clear that these as-
pects also represent a description of the corresponding
method, where a block or device corresponds to a meth-
od step or a feature of a method step. Analogously, as-
pects described in the context of a method step also rep-
resent a description of a corresponding block or item or
feature of a corresponding apparatus. Some or all of the
method steps may be executed by (or using) a hardware
apparatus, like for example, a microprocessor, a pro-
grammable computer, or an electronic circuit. In some
embodiments, some one or more of the method steps
may be executed by such an apparatus.

[0089] It is further to be noted that methods disclosed
in the specification or in the claims may be implemented
by a device having means for performing each of the
respective acts of these methods. Further, it is to be un-
derstood that the disclosure of multiple acts or functions
disclosed in the specification or in the claims may not be
construed as to be within the specific order. Therefore,
the disclosure of multiple acts or functions will not limit
these to a particular order unless such acts or functions
are not interchangeable for technical reasons. Further-
more, in some embodiments a single act may include or
may be broken into multiple sub acts. Such sub acts may
be included and part of the disclosure of this single act
unless explicitly excluded.

[0090] The techniques described in this disclosure
may be implemented, at least in part, in hardware, soft-
ware, firmware, or any combination thereof. For example,
various aspects of the described techniques may be im-
plemented within one or more processors, including one
or more microprocessors, digital signal processors
(DSPs), application-specific integrated circuits (ASICs),
field programmable logic arrays (FPGAs), programmable
logic controller (PLC), or any other equivalent integrated
or discrete logic circuitry, as well as any combinations of
such components. The term "processor" or "processing
circuitry" may generally refer to any of the foregoing logic
circuitry, alone or in combination with other logic circuitry,
or any other equivalent circuitry. A control unit including
hardware may also perform one or more of the tech-
niques of this disclosure. A control unit may use electrical
signals and digital algorithms to perform its receptive,
analytic, and control functions, which may further include
corrective functions. Such hardware, software, and
firmware may be implemented within the same device or
within separate devices to support the various techniques
described in this disclosure.

[0091] One or more aspects of the present disclosure
may be implemented as a non-transitory computer-read-
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able recording medium having recorded thereon a pro-
gram embodying methods/algorithms for instructing the
processor to perform the methods/algorithms. Thus, a
non-transitory computer-readable recording medium
may have electronically readable control signals stored
thereon, which cooperate (or are capable of cooperating)
with a programmable computer system such that the re-
spective methods/algorithms are performed. The non-
transitory computer-readable recording medium can be,
for example, a RAM, a ROM, a PROM, an EPROM, an
EEPROM, a FLASH memory, or an electronic memory
device.

[0092] Although various embodiments have been dis-
closed, it will be apparent to those skilled in the art that
various changes and modifications can be made which
will achieve some of the advantages of the concepts dis-
closed herein without departing from the spirit and scope
of the invention. It will be obvious to those reasonably
skilled in the art that other components performing the
same functions may be suitably substituted. It is to be
understood that other embodiments may be utilized and
structural or logical changes may be made without de-
parting from the scope of the present invention. It should
be mentioned that features explained with reference to
a specific figure may be combined with features of other
figures, even in those not explicitly mentioned. Such
modifications to the generalinventive concept are intend-
ed to be covered by the appended claims and their legal
equivalents.

[0093] Embodiment 1 is a time-of-flight sensor, com-
prising: a photodetector array comprising a plurality of
photodetectors wherein each photodetector of the pho-
todetector array includes a silicon-based, light-sensitive
diode comprising: a photosensitive layer comprising a
plurality of quantum dot particles sensitive to a near in-
frared (NIR) region of an electromagnetic spectrum,
wherein the plurality of quantum dot particles converts
optical energy into electrical energy to generate an elec-
trical current in response to receiving NIR light having a
wavelength in the NIR region; and a processing circuit
configured to receive the electrical current and calculate
a time-of-flight of the received NIR light based on the
electrical current.

[0094] Embodiment 2, in the time-of-flight sensor of
embodiment 1, wherein the electrical current is a sum of
photocurrents generated by the plurality of quantum dot
particles.

[0095] Embodiment 3, in the time-of-flight sensor of
embodiment 1 or 2, wherein the light-sensitive diode
comprises afirstohmic contact layer and a second ohmic
contact layer that are reverse-biased, wherein the pho-
tosensitive layer is an intrinsic layer interposed between
the first ohmic contact layer and the second ohmic con-
tact layer, and wherein the plurality of quantum dot par-
ticles are injected into the intrinsic layer to create a PIN
type photodiode.

[0096] Embodiment 4, in the time-of-flight sensor of
any one of the preceding embodiments, wherein the NIR
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region is within the wavelength range of 800-2500nm.
[0097] Embodiment 5, in the time-of-flight sensor of
any one of the preceding embodiments, wherein the plu-
rality of quantum dot particles are resonant to a prede-
termined wavelength region in the NIR region.

[0098] Embodiment 6, in the time-of-flight sensor of
any one of the preceding embodiments, wherein the light-
sensitive diode is a PN photodiode, a Schottky diode, or
a heterojunction diode.

[0099] Embodiment 7, in the time-of-flight sensor of
any one of the preceding embodiments, wherein the pho-
tosensitive layer is a quantum dot layer formed exclu-
sively of the plurality of quantum dot particles.

[0100] Embodiment 8, in the time-of-flight sensor of
embodiment 7, wherein the light-sensitive diode compris-
es a first ohmic contact and a second ohmic contact, and
the light-sensitive diode comprises a passivation layer
interposed between the first ohmic contact and the quan-
tum dot layer or between the second ohmic contact and
the quantum dot layer.

[0101] Embodiment 9, in the time-of-flight sensor of
any one of the preceding embodiments, wherein: the
photodetector array comprises a semiconductor sub-
strate in which the plurality of photodetectors are formed,
and for each light-sensitive diode, the semiconductor
substrate comprises a pocket or a well that is filled with
the plurality of quantum dot particles, wherein the pocket
or the well is defined by interior sidewalls of the semicon-
ductor substrate.

[0102] Embodiment 10, in the time-of-flight sensor of
any one of the preceding embodiments, wherein: the
photodetector array comprises a semiconductor sub-
strate in which the plurality of photodetectors are formed,
and the photosensitive layer of each light-sensitive diode
comprises porous silicon comprising nanopores formed
in the semiconductor substrate and the plurality of quan-
tum dots are disposed in the nanopores.

[0103] Embodiment 11, in the time-of-flight sensor of
any one of the preceding embodiments, wherein: the plu-
rality of quantumdot particles is afirst plurality of quantum
dot particles, the NIR region is a first NIR region, and the
electrical current is a first electrical current, the photo-
sensitive layer includes a second plurality of quantum
dot particles sensitive to a second NIR region of the elec-
tromagnetic spectrum, wherein the second NIR region is
different from the first NIR region, wherein the second
plurality of quantum dot particles converts optical energy
into electrical energy to generate a second electrical cur-
rent in response to receiving NIR light having a wave-
length in the second NIR region, and the processing cir-
cuit is configured to receive the second electrical current
and calculate a time-of-flight of the received NIR light
having the wavelength in the second NIR region based
on the second electrical current.

[0104] Embodiment 12, in the time-of-flight sensor of
embodiment 11, wherein the first NIR region and the sec-
ond NIR region are mutually exclusive NIR regions of the
electromagnetic spectrum.
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[0105] Embodiment 13, in the time-of-flight sensor of
embodiment 11 or 12, wherein the first NIR region and
the second NIR region partially overlap.

[0106] Embodiment 14, in the time-of-flight sensor of
any one of embodiments 11 to 13, wherein the first plu-
rality of quantum dot particles have afirst peak sensitivity
and the second plurality of quantum dot particles have a
second peak sensitivity, wherein the first peak sensitivity
and the second peak sensitivity occur at different wave-
lengths.

[0107] Embodiment 15, in the time-of-flight sensor of
any one of the preceding embodiments, wherein: the plu-
rality of quantum dot particles is a first plurality of quantum
dot particles and the electrical current is a first electrical
current, the photosensitive layer includes a second plu-
rality of quantum dot particles sensitive to a visible light
region of the electromagnetic spectrum, wherein the sec-
ond plurality of quantum dot particles converts optical
energy into electrical energy to generate a second elec-
trical current in response to receiving visible light having
awavelength in the visible light region, and the process-
ing circuit is configured to receive the second electrical
current and calculate a time-of-flight of the received vis-
ible light based on the second electrical current.

[0108] Embodiment 16, in the time-of-flight sensor of
embodiment 15, wherein the second plurality of quantum
dot particles is intermixed with the first plurality of quan-
tum dot particles in the photosensitive layer.

[0109] Embodiment 17, in the time-of-flight sensor of
any one of the preceding embodiments, wherein: the plu-
rality of quantum dot particles is a first plurality of quantum
dot particles and the electrical current is a first electrical
current, the photosensitive layer includes a second plu-
rality of quantum dot particles sensitive to an IR region
of the electromagnetic spectrum, wherein the second plu-
rality of quantum dot particles converts optical energy
into electrical energy to generate a second electrical cur-
rentin response to receiving IR light having a wavelength
in the IR region, and the processing circuit is configured
to receive the second electrical current and calculate a
time-of-flight of the received IR light based on the second
electrical current.

[0110] Embodiment 18, in the time-of-flight sensor of
any one of the preceding embodiments, wherein the time-
of-fight sensor is a front side illuminated sensor or a back
side illuminated sensor.

[0111] Embodiment 19, in the time-of-flight sensor of
any one of the preceding embodiments, further compris-
ing: at least one light source configured to emit the NIR
light having a wavelength in the NIR region, wherein the
received NIR light is the emitted NIR light reflected from
an object.

[0112] Embodiment 20, in the time-of-flight sensor of
any one of embodiments 11 to 19, further comprising: at
least one first light source configured to emit the NIR light
having a wavelength in the first NIR region and at least
one second light source configured to emit the NIR light
having a wavelength in the second NIR region, wherein
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the received NIR light having the wavelength in the first
NIR region originates from the at least one first light
source and is reflected back from an object and the re-
ceived NIR light having the wavelength in the second
NIR region originates from the at least one second light
source and is reflected back from an object.

[0113] Embodiment 21, in the time-of-flight sensor of
any one of embodiments 15 to 20, further comprising: at
least one first light source configured to emit the NIR light
having a wavelength in the NIR region and at least one
second light source configured to emit the visible light
having a wavelength in the visible light region, wherein
the received NIR light is the emitted NIR light reflected
from an object and the received visible light is the emitted
visible light reflected from an object.

[0114] Embodiment 22, in the time-of-flight sensor of
any one of embodiments 17 to 22, further comprising: at
least one first light source configured to emit the NIR light
having a wavelength in the NIR region and at least one
second light source configured to emit the IR light having
a wavelength in the IR region, wherein the received NIR
light is the emitted NIR light reflected from an object and
the received IR light is the emitted IR light reflected from
an object.

[0115] Embodiment 23, in the time-of-flight sensor of
embodiment 22, wherein the IR region is within the wave-
length range of 2500nm to 10,000 nm.

[0116] Embodiment 24 is a time-of-flight sensor, com-
prising: a photodetector array comprising a plurality of
photodetectors wherein each photodetector of the pho-
todetector array includes a silicon-based, light-sensitive
diode comprising: an photosensitive layer comprising a
plurality of quantum dot particles sensitive to an infrared
(IR) region of an electromagnetic spectrum, wherein the
plurality of quantum dot particles converts optical energy
into electrical energy to generate an electrical current in
response to receiving IR light having a wavelength in the
IR region; and a processing circuit configured to receive
the electrical current and calculate a time-of-flight of the
received IR light based on the electrical current.

[0117] Embodiment 25 is a time-of-flight sensor, com-
prising: a photodetector array comprising a plurality of
photodetectors, wherein each photodetector of the pho-
todetector array includes a variable conduction region
comprising a plurality of quantum dot particles sensitive
to a near infrared (NIR) region of an electromagnetic
spectrum, wherein the plurality of quantum dot particles
converts optical energy into electrical energy to generate
an electrical current in response to receiving NIR light
having a wavelength in the NIR region; and a processing
circuit configured to receive the electrical currentand cal-
culate a time-of-flight of the received NIR light based on
the electrical current.

Claims

1. A time-of-flight sensor, comprising:
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a photodetector array comprising a plurality of
photodetectors wherein each photodetector of
the photodetector array includes a silicon-
based, light-sensitive diode comprising:

a photosensitive layer comprising a plurality of
quantum dot particles sensitive to a near infrared
(NIR) region of an electromagnetic spectrum,
wherein the plurality of quantum dot particles
converts optical energy into electrical energy to
generate an electrical current in response to re-
ceiving NIR light having a wavelength in the NIR
region; and

a processing circuit configured to receive the
electrical current and calculate a time-of-flight
of the received NIR light based on the electrical
current.

The time-of-fight sensor of claim 1, wherein the elec-
trical current is a sum of photocurrents generated by
the plurality of quantum dot particles.

The time-of-fight sensor of claim 1 or 2, wherein the
light-sensitive diode comprises a first ohmic contact
layer and a second ohmic contact layer that are re-
verse-biased, wherein the photosensitive layer is an
intrinsic layer interposed between the first ohmic
contact layer and the second ohmic contact layer,
and wherein the plurality of quantum dot particles
are injected into the intrinsic layer to create a PIN
type photodiode.

The time-of-fight sensor of any one of the preceding
claims, wherein the NIR region is within the wave-
length range of 800-2500nm.

The time-of-fight sensor of any one of the preceding
claims, wherein the plurality of quantum dot particles
are resonant to a predetermined wavelength region
in the NIR region.

The time-of-fight sensor of any one of the preceding
claims, wherein the light-sensitive diode is a PN pho-
todiode, a Schottky diode, or a heterojunction diode.

The time-of-fight sensor of any one of the preceding
claims, wherein the photosensitive layer is a quan-
tum dot layer formed exclusively of the plurality of
quantum dot particles.

The time-of-fight sensor of claim 7, wherein the light-
sensitive diode comprises a first ohmic contact and
a second ohmic contact, and the light-sensitive diode
comprises a passivation layer interposed between
the first ohmic contact and the quantum dot layer or
between the second ohmic contact and the quantum
dot layer.

The time-of-fight sensor of any one of the preceding
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claims, wherein: of quantum dot particles have a second peak sensi-
tivity, wherein the first peak sensitivity and the sec-
the photodetector array comprises a semicon- ond peak sensitivity occur at different wavelengths.

ductor substrate in which the plurality of photo-
detectors are formed, and

(]

15. The time-of-fight sensor of any one of the preceding

10.

1.

12.

13.

14.

for each light-sensitive diode, the semiconduc- claims, wherein:

tor substrate comprises a pocket or a well that
is filled with the plurality of quantum dot particles,
wherein the pocket or the well is defined by in-
terior sidewalls of the semiconductor substrate.

The time-of-fight sensor of any one of the preceding
claims, wherein:

the photodetector array comprises a semicon-
ductor substrate in which the plurality of photo-
detectors are formed, and

the photosensitive layer of each light-sensitive
diode comprises porous silicon comprising na-
nopores formed in the semiconductor substrate
and the plurality of quantum dots are disposed
in the nanopores.

The time-of-fight sensor of any one of the preceding
claims, wherein:

the plurality of quantum dot particles is a first
plurality of quantum dot particles, the NIR region
is a first NIR region, and the electrical current is
a first electrical current,

the photosensitive layer includes a second plu-
rality of quantum dot particles sensitive to a sec-
ond NIR region of the electromagnetic spec-
trum, wherein the second NIR region is different
from the first NIR region, wherein the second
plurality of quantum dot particles converts opti-
cal energy into electrical energy to generate a
second electrical current in response to receiv-
ing NIR light having a wavelength in the second
NIR region, and

the processing circuit is configured to receive
the second electrical current and calculate a
time-of-flight of the received NIR light having the
wavelength in the second NIR region based on
the second electrical current.

The time-of-fight sensor of claim 11, wherein the first
NIR region and the second NIR region are mutually
exclusive NIR regions of the electromagnetic spec-
trum.

The time-of-fight sensor of claim 11 or 12, wherein
the first NIR region and the second NIR region par-
tially overlap.

The time-of-fight sensor of any one of claims 11 to
13, wherein the first plurality of quantum dot particles
have a first peak sensitivity and the second plurality
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the plurality of quantum dot particles is a first
plurality of quantum dot particles and the elec-
trical current is a first electrical current,

the photosensitive layer includes a second plu-
rality of quantum dot particles sensitive to a vis-
ible light region of the electromagnetic spec-
trum, wherein the second plurality of quantum
dot particles converts optical energy into elec-
trical energy to generate a second electrical cur-
rent in response to receiving visible light having
a wavelength in the visible light region, and
the processing circuit is configured to receive
the second electrical current and calculate a
time-of-flight of the received visible light based
on the second electrical current.
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